The pyruvate,orthophosphate dikinase (PPDK) gene coding the chloroplast enzyme involved in C 4 photosynthesis has a dual promoter system. The first promoter is responsible for the transcription of a larger transcript and its product is targeted to the chloroplast (hence, it is designated as C4Pdk promoter) while the second promoter is responsible for the transcription of a smaller transcript and its product remains in the cytosol. In this study, chimeric maize C4Pdk promoter (0.9 or 1.5 kb)-/?-glucuronidase or luciferase fusion genes were introduced into maize plants by Agrobacterium-mediated transformation. The cell-and tissue-specificities of the maize C4Pdk promoter in the transgenic maize plants were examined by histochemical and enzymic activity analyses of the reporters in different photosynthetic cells and tissues. The results showed that the reporter proteins are almost exclusively localized in leaf mesophyll cells. Among the tissues tested, leaf blade had the highest reporter activities with sheath exhibiting about 10% of the activities in blade. Husk, stem, tassel and root had no or very little reporter activities. Taken together, these results suggest that the maize C4Pdk promoter is specifically transcribed in the mesophyll cells of leaf blade and to a much less extent in the mesophyll cells of sheath, but not in leaf bundle sheath cells or other tissues. Furthermore, the 0.9 kb maize C4Pdk promoter sequences appear to contain the necessary m-acting elements for its cell-and organ-specific expression.
In C 4 plants, such as maize, two types of well differentiated photosynthetic cells, mesophyll cell (MC) and bundle sheath cell (BSC), are arranged into a specialized Kranz-type leaf anatomy; BSC surround the vascular tissues while MC encircle the cylinders of BSC. The C 4 dicarboxylate cycle of photosynthetic carbon assimilation requires the coordination of both cell types (for review, see Hatch 1988 , Furbank and Taylor 1995 , Leegood 1997 , Kanai and Edwards 1999 . Each cell type contains specific photosynthetic enzymes responsible for the biochemical reactions in the pathway. Expression of photosynthetic enzymes in a cell-specific manner is essential for the function of this additional carbon fixation pathway in C 4 plants, namely the CO 2 concentrating mechanism. Molecular studies showed that most C 4 photosynthetic genes are predominantly expressed in a cell-specific manner and their expression is regulated mainly at the transcriptional level (Sheen and Bogorad 1987a, b) . However, enzymes used In the C 4 pathway are also important for carbon metabolism in other pathways in both C 3 and Q plants, albeit at much lower activities, and often occur as isoforms (Ku et al. 1996 , Maurino et al. 1997 , Drincovich et al. 1998 ). The molecular basis for the cell-and tissue-specific expression of the different isoforms of the enzymes involved in C4 photosynthesis has not been well characterized.
Pyruvate.orthophosphate dikinase (PPDK) involved in the C 4 pathway of photosynthesis (QPPDK) is localized in the mesophyll chloroplasts; it catalyzes the production of phosphoe«o/pyruvate, the substrate for phosphoenolpyruvate carboxylase (PEPC), from pyruvate and ATP. The maize QPPDK is encoded by a single-copy gene, Pdk (Matsuoka 1990) , and it is expressed only in MC in a light dependent manner (Sheen and Bogorad 1987a, b) . Molecular studies showed that the PPDK gene of maize is transcribed from two different initiation sites under the control of a dual promoter system and alternative splicing, producing two mRNAs of different sizes and abundance Grula 1990, Sheen 1991) . The first promoter is responsible for the transcription of the larger mRNA, which contains chloroplast transit peptide sequences, and its product is targeted to the chloroplast and is designated "the chloroplastic PPDK". The second promoter, located in the first intron of the Pdk gene, is responsible for the transcription of the smaller mRNA, which does not contain transit peptide sequences, and its product remains in the cytosol and is designated "the cytosolic PPDK". The activities of these two promoters appear to be controlled by different mechanisms. Homologous transient expression assay using isolated protoplasts from various tissues of greening maize seedlings showed that the transcriptional activity of the maize C4Pdk promoter is high and is induced by light and restricted to leaves. In contrast, the activity of the cytosolic Pdk promoter is relatively low, but detectable in all tissues examined and its transcription is not affected by light (Sheen 1991) . In addition, maize contains a second PPDK gene which encodes only the cytosolic isoform of PPDK, and its expression is constitutive in contrast to that of C 4 PPDK (Sheen 1991) . The expression of this gene is also low. The dual promoter system of Pdk is -also conserved in C 3 monocotyledonous rice (Imaizumi et al. 1997 ) and C 4 dicotyledonous Flaveria trinervia (Rosche and Westhoff 1995) . In rice, the chloroplastic isoform of PPDK is also predominantly expressed in green leaves and is induced by light in the same manner as maize PPDK but at a much lower level (Hata and Matsuoka 1987, Matsuoka and Yamamoto 1989) .
Northern and Western analyses of PPDK between MC and BSC isolated from maize leaves demonstrated the presence of appreciable quantities of PPDK transcript and protein in BSC (Aoyagi and Nakamoto 1985 , Langdale et al. 1987 , Sheen and Bogorad 1987a , b, Oswald et al. 1990 ). However, the levels of PPDK transcript and protein in BSC do not change during greening in contrast to its light inducibility in MC (Sheen and Bogorad 1987a) . Whether the PPDK expressed in the BSC is cytosolic or chloroplastic form or both remains to be established. From these observations, a question has been raised as to whether or not the C4Pdk promoter is partially active in BSC; i.e. responsible for the transcription of a chloroplastic isoform in the BSC. Previous homologous transient expression analyses of maize C4Pdk promoter by using electroporation (Sheen 1991) or microprojectile bombardment (Matsuoka and Numazawa 1991) method were not designed to compare transcriptional activity of C4Pdk promoter between MC and BSC quantitatively. In this study, we introduced chimeric maize C4Pdk promoter-reporter genes into maize plants by Agrobacterium-mGdiatGd transformation (Hiei et al. 1994 , Ishida et al. 1996 and examined for the first time the cell-and tissue-specificities of the maize C4Pdk promoter in transgenic maize plants by enzymic activity and histochemical staining of reporter enzymes. The results obtained suggest that the maize C4Pdk promoter is active predominantly, if not exclusively, in MC of leaf blades and sheaths.
Materials and Methods
Growth conditions-Wild-type (inbred line A188) and transgenic maize plants were grown from seeds and cultivated in a growth chamber with 14 h of illumination (500 jjxnol m 2 s ') at 28°C and 10 h of darkness at 20°C. Plants were grown to maturity.
Production of transgenic maize plants-For PPDK(0.9)-/?-glucuronidase (GUS) fusion gene construct, the 5'-upstream region (-789 to +165 relative to the transcription initiation site) of the C4Pdk gene (Glackin and Grula 1990) was amplified from maize (B73 inbred line) genomic DNA by PCR with two synthetic oligonucleotides (sense primer: 5-CTAAAGACATGGAGGTG-GAAG-3', antisense primer: 5-GTAGCTCGATGGGTTGCAC-G-3'). The PCR product was subcloned into pCRlOOO vector, cut with Ndel (position +139) and treated with Klenow fragment to change the Ndel site to a blunt end. The clone was recut with Hindlll, and the Hindlll-Ndel fragment was inserted into the HindlU-Smal site of pBI221 after removal of the cauliflower mosaic virus (CaMV) 35S promoter. The insert (C4Pdk pro-GUS-NOS ter) of the modified plasmid was cut out and inserted between the left border and CaMV 35S pro-BAR-NOS ter in the T-DNA region of intermediate vector pSB25 (Ishida et al. 1996) (Fig. 1 ). The PPDK(1.1)-GUS fusion gene which contains the 5'-upstream region (-1032 to +67) of the maize C4Pdk was constructed as described previously (Matsuoka and Sanada 1991) and inserted into pSB25. These derivatives of pSB25 were introduced to an Agrobacterium tumefaciens strain LBA4404 (pSBl) . For the construct of PPDK(1.5)-LUC, the 5-upstream region (-1325 to +211) of the maize C4Pdk gene was ligated with the coding region of luciferase (LUC) gene and the terminator of nopaline synthase (NOS) gene. The fusion gene was inserted into intermediate vector pSBll ) and the plasmid obtained was introduced to an A. tumefaciens strain LBA4404 (pSB3) . The three A. tumefaciens strains were used to infect immature embryos isolated from maize inbred line A188 (Hiei et al. 1994 , Ishida et al. 1996 . The inoculated embryos were cultured on a phosphinothricin-or paromomycin-containing medium depending on the antibiotic resistance gene used. Plants regenerated from the resistant calli were transferred to soil in pots and grown to maturity in a green house. Primary transformants (R0 plants) were self-pollinated, and the resulting seeds were collected and germinated (Rl plants) and used for analyses in this study. Production of transgenic maize which contains the construct CaMV 35S pro-GUS-NOS ter was previously described (Ishida et al. 1996) .
Isolation of DNA and Southern hybridization-DNA was extracted from leaf tissues of Rl plants by using a DNA extraction kit (Nucleon PhytoPure, Amersham Pharmacia Biotech). Five Hg of DNA was digested with Hindlll, fractionated on a 0.8% agarose gel by electrophoresis and blotted on a nylon membrane (Hybond-N + , Amersham Pharmacia Biotech) (Sambrook et al. 1989) . After fixation, the membranes were hybridized with 32 Plabeled probes specific for GUS or LUC gene for 19 h at 42°C in a solution containing 50 mM sodium phosphate, pH 6.5, 5 x SSC, 5 x Denhardt's solution, 0.1% SDS, 50% formamide and 250^g ml ! salmon sperm DNA. The membranes were washed twice with 2x SSC and 0.1% SDS for 15 min at 65°C, and then once with 0.1 x SSC and 0.1% SDS for 15 min at 65°C. The hybridization signal was scanned by a bioimaging analyzer (BAS 2000, Fujix, Tokyo, Japan).
Reporter assay-For fluorometric assay of GUS activity, newly matured plant tissues of leaf blade, leaf sheath, husk, tassel, stem and root were harvested, rinsed in distilled water and immediately ground in a GUS extraction medium (50 mM HEPES-KOH, pH7.5, 1 mM MgCl 2 , 1 mM MnCl 2 , 0.5 mM EDTA, 5 mM dithiothreitol (DTT) and 5% [v/v] glycerol) with mortar and pestle at 4°C. The homogenate was centrifuged at 12,000 xg for lOmin and the supernatant was used for fluorometric assay of GUS activity by the method of Jefferson (Jefferson 1987) . Protein concentration in the supernatant was determined by the method of Bradford (Bradford 1976 ) with bovine serum albumin as a standard. For histochemical analysis of GUS activity, plant tissues were harvested, cut into small pieces of approximate 1 cm, and embedded in 5% agar. The blocks were sectioned with a microslicer (DTK-100, Dosaka EM, Kyoto, Japan) and the thin sections were soaked in a histochemical staining solution (50 mM sodium phosphate buffer, pH 7.0, 1 mM 5-bromo-4-chloro-3-indolyl-/?-D-glucuronic acid and 20% [v/v] methanol) and subjected to a brief vacuum. After incubation for several hours at 37°C, the sections were washed with 70% ethanol and examined using an Olympus BX60 microscope.
For LUC assay, soluble protein was extracted from various plant tissues with a LUC extraction medium (100 mM potassium phosphate, pH 7.0 and 1 mM DTT) under similar conditions described for GUS assay. After centrifugation, luciferase activity in the soluble extract was measured in a luminometer (Luminoskan, Labsystems, Helsinki, Finland) using a luciferase assay system by Promega (Madison, WI, U.S.A.).
Estimation of distribution of GUS between MC and BSCMesophyll protoplasts (MC) and bundle sheath strands (BSC)
were isolated by digestion of leaf segments from mature leaves of transgenic or untransformed wild type plants according to a previously reported method (Ohnishi and Kanai 1983) . The MC and BSC preparations were macerated in the GUS extraction medium at 4°C and the extracts were centrifuged at 12,000 xg for 10 min. The activity of GUS in the supernatant was assayed as described above. The degree of cross-contamination in the preparations was estimated by measuring the activities of PEPC (Hatch and Oliver 1978) and NADP-malic enzyme (ME) (Kanai and Edwards 1973) , the marker enzymes for MC and BSC, respectively.
Results and Discussion
Transformation and production of transgenic maize plants-To examine the organ-and cell-specificity of the transcriptional activity of C4Pdk promoter, three DNA fragments (0.9, 1.1, 1.5 kb) which correspond to regions upstream of the transcription start site in maize C4Pdk gene were fused to the coding region of GUS or LUC gene linked to the terminator of nopaline synthase (NOS) gene (Fig. 1) . These three constructs contain DNA fragments upstream of the transcription start site and a part of the first exon of the C4Pdk gene. The chimeric genes were introduced to maize inbred line A188 with an Agrobacteriwra-mediated transformation system (Ishida et al. 1996) . All of the primary transformants (R0) were grown in a green house. The transgenic plants exhibited a normal phenotype and were fertile and set seeds, similar to those of transgenic maize plants produced in an earlier study (Ishida et al. 1996) . After self-pollination, seeds were collected progenies of transgenic lines PPDK(0.9)-GUS 27, 3-2, 44-3, PPDK(1.1)-GUS 29-1 and PPDK(1.5)-LUC 9-1, 9-2, and analyzed by Southern hybridization (Fig. 2) . The GUS or LUC gene was present in the transformed lines and absent from the nontransformed plant. The transgenes were inserted into the maize genome at one or two loci, similar to the earlier study using this method (Ishida et al. 1996) . A total of 12 PPDK(0.9)-GUS transformants consisting of three transgenic lines, with GUS activity ranging from 2,287 pmol 4-MU formed min ! mg * protein to 24,596 pmol 4-MU m i n 1 mg" 1 protein, were obtained and six of them were selected for further analysis of tissue-specificity of GUS expression (Table 1) and two of the transformants were selected for cell-specificity study (Table 2 ). In addition, two PPDK(1.1)-GUS transformants were obtained (2,259 to 3,148 pmol 4-MU min^mg" 1 protein in GUS actvity) and one of them was used for further analysis of tissue-specificity (Table 1) . Two PPDK(1.5)-LUC transgenic lines were obtained and used for further analysis of tissue-specificity of LUC expression (Table 1) .
Transcription from the C4Pdk gene promoter occurred mainly in leaf-The distribution of reporter activity in different organs of the various transformants was determined (Table 1 ). To use tissues of similar age, we analysed the middle sections of the fifth-youngest leaves and the stems just above the harvested leaves. As expected, GUS activities in the various tissues of non-transformed maize plants were very low. Within each fusion gene construct, there was a substantial variation among the transgenic plants in the expression level of the reporter enzyme: about eight fold differences for the GUS constructs and four fold differences for LUC construct. Presumabaly, the variation in expression level is caused both by the positional effect of insertion and by segregation and copy number of the introduced fusion genes. In spite of the variation in expression level between different transgenic plants, however, among the tissues tested leaf blades invariably had the highest reporter activities with leaf sheaths exhibiting 3 to 25% (average 12.6%) of the activities found in the leaf blades. Husk, stem, tassel and root had no or very little reporter activities (data for tassel were not shown). In addition, the relative distribution of the reporter enzyme among the tissues was not significantly altered by the different constructs, except that the two transgenic plants harboring the LUC construct tended to have a higher level of LUC in sheath and a lower activity in other tissues. These results suggest that transcription from the 5'-upstream region of the maize C4Pdk occur predominatantly in leaf blades, and to a much less extend in leaf sheath, but not in other tissues. Consistent with these observations, homologous transient expression assay by Sheen (1991) also indicated that transcription from the chloroplastic C4Pdk promoter is restricted to leaf protoplasts while the cytosolic Pdk promoter was transcribed in leaf, root, and stem protoplasts. Moreover, Northern analysis showed that PPDK transcripts detected in root and etiolated leaf differ in size and abundance from the transcript found in leaves: the PPDK transcripts in root and etiolated leaf are smaller than the green leaf transcript in size (3.0 vs. 3.5 kb) and are about 50-fold less abundant than the green leaf transcript (Hudspeth et al. 1986 , Glackin and Grula 1990 , Sheen 1991 , Imaizumi et al. 1997 . Also, hybridization with specific probes and sequence comparisons revealed that the 3.0 kb transcript, which is derived from the same gene with the chloroplastic PPDK, encodes the cytosolic PPDK form (Glackin and Grula 1990) . Furthermore, RT-PCR experiments with gene-specific primers also indicated that the C4Pdk transcript is accumulated only in leaf (in large amount) but not in root or stem and that the cytosolic Pdk transcript is expressed at low levels in leaf, root and stem (Sheen 1991) . Considering the results obtained in this study and the previous observations, we conclude that the C4Pdk promoter is mainly transcribed in leaf blade. In addition, the 0.9 kb maize C4Pdk promoter sequences ( -790 to +141) appear to contain the necessary as-acting element for its organ-specific expression.
As discussed above, northern analysis (Sheen 1991) , homologous transient expression study of promoter-reporter fusion gene (Sheen 1991) , and current study with transgenic maize plants (Table 1 ) all demonstrated that the maize C4Pdk is hardly expressed in stem. In contrast, the C 4 dicot, Flaveria trinervia, accumulates relatively abundant C4Pdk RNA in stem (Rosche and Westhoff 1995) . Its amount in stem varies between 5 and 30% of the levels found in leaf tissues. Analysis with transgenic C4 Flaveria plant (F. bidentis) also suggests that the promoter of Flaveria C4Pdk is expressed in stem (Rosche et al. 1998) . Thus, the strict organ specificity of C4Pdk with respect to stem may only occur in C4 monocots, such as maize. Whether this is related to the role of stem played in photosynthesis in C 4 dicots remains to be determined. In some C 4 plants, stem is the main photosynthetic tissue (see Lin et al. 1993) . Further comparative study is needed to determine if this difference in organ specificity of C4Pdk promoter between the monocot maize and the dicot F. trinervia also occur in other C 4 plants and to elucidate its molecular basis. Whether the PPDK transcript found in the stem of F. trinervia is translated into protein and how it may effect the carbon metabolism of stem in this C 4 plant remain to be determined.
C4Pdk promoter is specifically transcribed in mesophyll cells-The cell-specificity of the maize C4Pdk promoter was examined in two PPDK(0.9)-GUS transgenic lines expressing high levels of the reporter using both histochemical analysis of GUS activity (Fig. 3) and distribution study with separated cells (Table 2 ). In leaf blade of CaMV 35S-GUS transgenic maize plants, heavy blue staining was observed in MC, BSC, epidermis, and vascular bundles (Fig. 3A) . Heavy blue staining of MC, BSC, and vascular bundles was also observed in leaf sheath of CaMV 35S-GUS transgenic maize plants (Fig. 3B) . These staining patterns are derived from the constitutive transcriptional activity of CaMV 35S promoter. In contrast, heavy blue staining was observed only in MC but no or very low staining was observed in BSC, epidermis, or vascular bundles of leaf blade from PPDK(0.9)-GUS transgenic plants (Fig. 3C) . A similar staining pattern was also observed in the MC of leaf sheath (Fig. 3D ). In addition, MC which show heavy staining are localized adjacent to BSC. In situ immunolocalization of PPDK protein performed by Langdale et al. (1987) showed that PPDK protein is localized in the chloroplasts of both MC and BSC of maize leaves but predominantly in MC. However, it .is difficult to apply quantitative analyses to in situ techniques such as GUS-staining or immunolocalization since artifacts caused by sectioning or diffusing of the GUS product between cells (Caissard et al. 1994) or by the unusal property of some cellular consituents can occur. To avoid these problems, we have separated MC and BSC enzymatically from mature leaves and measured the reporter (GUS) activities in the extracts of both cell types (Table 2) . Under microscopic examination, mesophyll protoplast preparation appeared to be very uniform in size and cellular content while bundle sheath cell strands were free of mesophyll cells. The activity of PEPC, a marker enzyme for MC, in the BSC preparation was less than 1 % of that in the MC preparation, consistent with the results of microscopic examination that the BSC preparation is free from contami- nation by MC. On other hand, the activity of NADP-ME, a traditional marker enzyme for BSC, in the MC extract was only about 4% of that found in the BSC extract. This low activity does not necessarily reflect the degree of contamination in the MC preparation; a recent study (Maurino et al. 1997) showed that MC isolated from maize leaves indeed have low activity of NADP-ME which is further identified by western immunoblotting as a 72 kDa, constitutive isoform of the enzyme rather than the 62 kDa, C 4 -specific isoform. The 62 kDa, Q-specific isoform occurs only in the chloroplasts of BSC. Thus, these two cell preparations we obtained were of high purity for estimating the cell-specificity of the promoter activity.
The GUS activity in the BSC preparation was about 2% of that in the MC preparation (Table 2 ). This value is slightly higher than the percentage of PEPC in the BSC preparation (about 1%), relative to that in the MC preparation. Thus, the data suggest that the maize C4Pdk promoter is differentially transcribed in the MC and its transcriptional activity in BSC is estimated to be less than 2% of that in MC. Previous western immunoblotting analysis demonstrated that PPDK protein is present in BSC at approximately 5-10% of the amount found in MC (Aoyagi and Nakamoto 1985) . Mature forms of maize chloroplastic (C 4 -type) and cytosolic PPDK proteins consist of 876 and 882 amino acid residues, respectively and differ only in few amino acids at the N-terminus. The difference in molecular mass between the two isoforms is 614 dalton Grula 1990, Sheen 1991) . Therefore, it is not possible to detect the small difference between the two isoforms in terms of mobility on a SDS-PAGE gel. Since polyclonal antibodies raised against PPDK (e.g. from maize) can not distinguish between the two forms, PPDK polypeptides which were detected by normal western analysis could be both the chloroplastic as well as the cytosolic PPDK proteins. In contrast, RNA analysis showed that the steadystate level of C4Pdk RNA in BSC is much lower than that in MC and does not change during greening (Sheen and Bogorad 1987a, b, Oswald et al. 1990 ). These observations suggest that the majority of C4Pdk RNA is located in MC and the PPDK protein occurring in BSC may be of both cytosolic and chloroplastic forms in nature. Our data suggest that the maize C4Pdk promoter is predominantly transcribed in the MC of leaf blades and that the 930-bp 5'-upstream region used in this study contains the essential c/s-acting elements which confer its MC-specificity in transcription. An earlier study by Roche et al. (1998) also showed that the 1.5 kb promoter of C4Pdk from the dicot plant F. trinervia is sufficient to confer its cell-and organspecificity of expression.
In summary, our study with homologous transgenic plants clearly demonstrated that the maize C4Pdk promoter is transcribed predominantly in the mesophyll cells of leaf blade, and to a much less extent in the mesophyll cells of leaf sheath, and the 930 basepair promoter sequences must contain the necessary ds-acting elements for its cell-and organ-specific expression. Furthermore, the promoters used in this study will be useful for engineering C4 plants for targeting the gene product specifically to the mesophyll cells of leaf.
